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Summary
The Dishevelled protein mediates several diverse bio-
logical processes. Intriguingly, within the same tis-
sues where Xenopus Dishevelled (Xdsh) controls cell
fate via canonical Wnt signaling, it also controls cell
polarity via the vertebrate planar cell polarity (PCP)
cascade [1–9]. The relationship between subcellular
localization of Dishevelled and its signaling activities
remains unclear; conflicting results have been re-
ported depending upon the organism and cell types
examined [8–20]. We have approached this issue by
developing new reagents to sequester wild-type Di-
shevelled protein either at the cell membrane or away
from the cell membrane. Removal of Dishevelled from
the cell membrane disrupts convergent extension by
preventing Rho/Rac activation and mediolateral cell
polarization. By manipulating the subcellular localiza-
tion of K/M (dsh1), we show that this mutation inhib-
its Dishevelled activation of Rac, regardless of its
subcellular localization. These data demonstrate that
membrane localization of Dishevelled is a prerequisite
for vertebrate PCP signaling. However, both membrane-
targeted and cytoplasm-targeted Dishevelled can po-
tently activate canonical Wnt signaling, suggesting that
local concentration of Dishevelled protein, but not its
spatial localization, is central to canonical Wnt signal-
ing. These results suggest that in vertebrate em-
bryos, subcellular localization is insufficient to ac-
count for the pathway specificity of Dishevelled in the
canonical Wnt versus PCP signaling cascades.
Results and Discussion
Manipulating Subcellular Localization of Dishevelled
in Xenopus Embryos
To manipulate the subcellular localization of Dishev-
elled, we exploited the fact that Dishevelled monomers
associate via their DIX domains to form homo-oligo-
mers (Figure 1A; [8, 21]). As such, an engineered Di-
shevelled construct that is sequestered to a specific
site within the cell should bind to endogenous Dishev-
elled monomers and cosequester them at that site (Fig-
ures 1B, 1C, 1B#, and 1C#).*Correspondence: wallingford@mail.utexas.eduTo target Dishevelled to the plasma membrane, we
used a fusion of the farnesylation signal (caax) of Ras
to mouse Dishevelled-1 (Figure 1B). This construct (Dvl-
KM-caax) harbors a DEP-domain point mutation
(K/M) that eliminates normal membrane localization,
and addition of the caax sequence very efficiently
targets this Dishevelled protein to the cell membrane
independently of the DEP domain [22].
Because Dvl-KM-caax should oligomerize with wild-
type Dishevelled (e.g., [8, 21]), we reasoned that ex-
pression of Dvl-KM-caax in Xenopus will translocate
and sequester Xdsh to the cell membrane (Figure 1B#).
To demonstrate this, we coexpressed untagged Dvl-
KM-caax with GFP-tagged wild-type Xdsh (Xdsh-GFP)
in Xenopus animal caps. Normally in these cells, Xdsh-
GFP is distributed in a diffuse punctate pattern (Figures
1D and 1E; [9, 10, 14, 23]). Coexpression of untagged
Dvl-KM-caax resulted in an elimination of Xdsh-GFP
puncta and a dramatic redistribution of Xdsh-GFP to
the plasma membrane (Figures 1F and 1G). We also
obtained wild-type mouse Dishevelled-1 fused to caax
(Dvl-caax). Dvl-caax, when coinjected in animal caps,
also effectively sequestered Xdsh-GFP to the cell mem-
brane (data not shown).
An efficient method for sequestering proteins away
from the cell membrane and inside the cell is to target
them to the mitochondrial membrane [24, 25]. To se-
quester Dishevelled away from the cell membrane, we
generated Xdsh-MA, a fusion of the mitochondrial-
membrane-anchoring sequence of actA to the C termi-
nus of Xenopus Dishevelled (Figures 1C and 1C#). Ex-
pression of untagged Xdsh-MA eliminated the punctate
distribution of coexpressed wild-type Xdsh-GFP and
resulted in a sequestration of Xdsh-GFP in clusters in
the center of the cell (Figures 1H and 1I). A fusion of
Dvl-1 to the mitochondrial anchor (Dvl-MA) elicited
identical effects (data not shown)
We next tested the specificity of our sequestering ap-
proach. Because Dishevelled oligomerizes via its DIX
domain [8, 21], an Xdsh-MA construct lacking the DIX
domain should fail to relocalize coexpressed Xdsh-
GFP, and this was indeed observed (data not shown).
In a complementary experiment, we expressed a fusion
of the mitochondrial anchor only to Dishevelled’s N ter-
minus, including the DIX domain; this construct relocal-
ized Xdsh-GFP to intracellular clusters (data not
shown).
Western blotting demonstrated that MA- and caax-
tagged Dishevelled proteins were translated at levels
comparable to wild-type Dishevelled (Figure S1A in the
Supplemental Data available with this article online).
These results demonstrate that caax- and MA-fusions
can effectively sequester wild-type Dishevelled to the
plasma membrane and away from the plasma mem-
brane, respectively.
Removal of Dishevelled from the Cell Membrane
of Cells of the Dorsal Marginal Zone Disrupts
Convergent Extension
We next sought to specifically remove Xdsh from the
cell membrane in cells undergoing convergent exten-
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ization
(A) Dvl monomers associate via their N-ter-
minal DIX domains to form oligomers that
are found in both cytoplasmic and cell-mem-
brane populations (A#).
(B) Endogenous Dvl monomers will oligo-
merize with membrane-tethered Dvl-caax
such that the wild-type Dvl is sequestered at
the cell membrane (B#).
(C) Endogenous Dvl monomers will oligo-
merize with mitochondrial-localized Xdsh-
MA, and the wild-type Dvl will be seques-
tered in the cytoplasm, away from the cell
periphery (C#).
(D) Localization of Xdsh-GFP in a normal
Xenopus animal cap.
(E) Higher-magnification view of Xdsh-GFP
(green) localization in normal animal cap; cell
membrane is indicated by memRFP (E#, red).
(F) Wild-type Xdsh-GFP (green) is translo-
cated to the cell membrane by expression of
unlabeled Dvl-KM-caax.
(G) Higher-magnification view of a cell ex-
pressing wild-type Xdsh-GFP (green) and
unlabeled Dvl-KM-caax; cell membrane is in-
dicated by memRFP (G#, red).
(H) Wild-type Xdsh-GFP (green) is translo-
cated to clusters in the cytoplasm by ex-
pression of unlabeled Xdsh-MA.
(I) Higher-magnification view of a cell ex-
pressing wild-type Xdsh-GFP (green) and
unlabeled Dvl-KM-caax; cell membrane is in-
dicated by memRFP (I#, red).sion. In the dorsal marginal zone (DMZ) of Xenopus em- D
cbryos, where convergent extension occurs, Xdsh-GFP
is observed localized to the plasma membrane (Figure
2A; [9]). In DMZ cells expressing Xdsh-MA, wild-type R
PXdsh-GFP was not observed at the membrane; instead,
Xdsh-GFP in these cells was sequestered inside the P
icell, away from the cell periphery (Figure 2B). We ob-
served a 10-fold reduction in the amount of Xdsh-GFP D
cat the cell membrane in DMZ cells expressing Xdsh-MA
(Figure S2). a
tWe then tested the effects of depletion of Dishevelled
from the cell membrane on morphogenesis. Dorsal ex- g
Bpression of Xdsh-MA resulted in a dramatic failure of
axis elongation and closure of the neural tube, consis- t
tent with defective convergent extension (Figures S3A
and S3D). Cell fates in the dorsal mesoderm were not c
caffected by expression of Xdsh-MA (Figure S3).
To assess convergent extension directly, we exam- e
cined the movements of clones of cells labeled by
targeted injection of fluorescent dextran at the 256-cell g
mstage. In control embryos, such clones lengthened and
narrowed markedly during gastrulation (Figures 2C and d
c2D). In contrast, clones in embryos expressing Xdsh-
MA remained very short and broad throughout gastrula- s
ption (Figures 2F and 2G).
We assessed mediolateral cell intercalation in these a
clones by confocal imaging. Mediolateral cell intercala-
tion is evidenced in normal embryos by the interspers- R
Ping of labeled and unlabeled cells during gastrulation
(Figure 2E). In embryos expressing Xdsh-MA, the la- a
Abeled cells failed to intersperse with unlabeled cells,
and this failure is indicative of defective intercalation i
(Figure 2H). These results demonstrate that removal ofishevelled from the cell membrane disrupts normal
onvergent extension.
emoval of Dishevelled from the Cell Membrane
revents Cell-Shape Change and Mediolateral
olarization of Cells Engaged
n Convergent Extension
uring convergent extension, individual mesoderm
ells elongate and become aligned in the mediolateral
xis [26, 27]. Cell elongation and mediolateral polariza-
ion can be uncoupled from one another, which sug-
ests that they are independent behaviors [28, 29].
oth of these behaviors have been shown previously
o be under the control of Dishevelled [9].
At stage 13, cells in the notochord and somites of
ontrol embryos are elongated and these cells are very
losely aligned, with their long axes oriented mediolat-
rally (Figures 2E; Figures S3G and S3H). In contrast,
ells in Xdsh-MA-expressing embryos were not elon-
ated, and the long axes of these cells were not aligned
ediolaterally (Figure 2H; Figures S3G and S3H). Such
efects were observed in both notochordal and somitic
ells (data not shown). Together, these results demon-
trate that membrane localization of Xdsh is central for
roper control of both elongation and mediolateral
lignment of cells during convergent extension.
emoval of Dishevelled from the Cell Membrane
revents Normal Activation of Rho
nd Rac during Convergent Extension
ctivation of Rac and Rho downstream of Dishevelled
s required for cell intercalation and convergent exten-
sion in the dorsal marginal zone [5, 29]. Expression of
Dishevelled Localization and Signaling Activities
1041Figure 2. Removal of Dishevelled from the
Cell Membrane in the DMZ Blocks Con-
vergent Extension by Disrupting Cell Shape
and Cell Polarity
(A) Membrane localization of Xdsh-GFP in
the DMZ of a normal embryo. Cell membrane
can be visualized by memRFP (A#). Colocali-
zation is apparent in the merged image (A$).
(B) Xdsh-GFP is entirely sequestered in the
cytoplasm in the DMZ of embryos express-
ing Xdsh-MA. (B#) shows coexpressed
memRFP. (B$) shows a merged image.
(C) Control embryo showing clone of cells
from injection of fluorescent dextran (green)
at the 256-cell stage. Labeled clone is more
obvious in the fluorescent view in panel (C#).
(D) Labeled clones at late gastrulation have
undergone significant convergence and ex-
tension (compare to panel [C]). Fluorescent
view is in panel (D#).
(E) Confocal image of cells in the boxed re-
gion of panel (D#). Because of mediolateral
cell intercalation, labeled cells are intermin-
gled with unlabeled cells. These cells are
mediolaterally elongated and aligned.
(F) Xdsh-MA-injected embryo showing a
labeled clone of cells that is not elongated
at early gastrulation (fluorescent view in
panel [F#]).
(G) Labeled clones at late gastrulation in Xdsh-MA-injected embryos have failed to elongate (fluorescent view in panel [G#]).
(H) Confocal image of cells in the boxed region of panel (G#). In embryos expressing Xdsh-MA, labeled cells are not intermingled with
unlabeled cells. These cells are not mediolaterally elongated and are randomly oriented (see Figure S3).Xdsh-MA potently inhibited the activation of both Rho
and Rac in these cells (Figure 3A); this result supports
the argument that membrane localization of Xdsh is a
prerequisite for normal Rho and Rac activation during
convergent extension.
Because many small GTPases are activated by trans-
location to the cell membrane, Dishevelled could po-
tentially activate small-GTPase signaling during con-
vergent extension simply by translocating Rho or Rac
to the cell membrane. To test this possibility, we coex-
pressed RhoA-GFP or Rac-GFP with Xdsh-MA. We
found that Xdsh-MA had no effect on the subcellular
distribution of RhoA-GFP or Rac-GFP (Figures 3B
and 3C).
As a further test of its activity, we expressed Xdsh-
MA in the ventral marginal zone (VMZ), where Rho and
Rac are not normally activated. Though ectopic expres-
sion of Xdsh or Dvl can activate Rho and Rac, Xdsh-
MA and Dvl-MA each failed to do so (Figure 3D; Figure
S1B). This failure could be overcome by addition of
wild-type Dvl-1 or, more robustly, by addition of Dvl-
caax (Figure S1B). These data strongly argue that Di-
shevelled localization to the cell membrane is central
to its ability to activate Rho and Rac during con-
vergent extension.
The K/M (dsh1) Mutation Inhibits Dishevelled-
Dependent Activation of Rac, but Not Rho,
Regardless of Subcellular Localization
To further examine the effects of subcellular localization
of Dishevelled on Rho and Rac activation, we ex-
pressed membrane-localized Dishevelled in the dorsal
and ventral marginal zones and observed its ability to
activate Rho and Rac. In DMZs, where Rho and Racare normally activated during convergent extension,
expression of Dvl-KM-caax or Dvl-caax did not disrupt
Rho activation, but Dvl-KM-caax could inhibit Rac acti-
vation (Figure 3A).
In previous work, we found that the K/M (dsh1) mu-
tation of the DEP domain of Dishevelled reduces its
ability to activate Rac [5]. The K/M mutation has also
been reported to disrupt membrane localization of Di-
shevelled [10]. It is possible that the K/M point mutant
fails to activate Rac simply due to a failure of mem-
brane localization. However, Dvl-KM-caax, which har-
bors this point mutation but is constitutively targeted
to the cell membrane (Figures 1F and 1G), failed to sig-
nificantly activate Rac in VMZ explants, whereas wild-
type Dvl-caax activated Rac robustly (Figure 3D). In
contrast, expression of either Dvl-KM-caax or Dvl-caax
efficiently activated Rho in VMZ explants (Figure 3D),
consistent with distinct mechanisms driving activation
of Rho and Rac downstream of Dishevelled [5, 29]. To-
gether, these data demonstrate that the K/Mmutation
disrupts not only membrane localization but also a sig-
naling function inherent to Dishevelled’s DEP domain
that is essential for Rac activation.
Constitutive Membrane Localization
of Dishevelled Enhances Its Gain-of-Function
Disruption of Convergent Extension
Our data demonstrate that Xdsh functions at the cell
membrane to activate Rac and Rho and to control con-
vergent extension. In Drosophila, polarized distribution
of Dishevelled is thought to be critical for planar cell
polarity (PCP) signaling [11]. Xdsh has been observed
to accumulate at the mediolateral ends of Xenopus
cells that are already highly polarized [6], but in this
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Figure 3. Removal of Dvl from the Cell Membrane Prevents Normal s
Activation of Rho and Rac during Convergent Extension s
To assess activation of Rho and Rac, we employed GST-pulldown a
assays utilizing GST-RDB (Rho binding domain) and GST-PBD (Pak m
binding domain) fusion proteins, which bind specifically to acti-
svated (GTP-bound) Rho and Rac, respectively.
o(A) Activation of Rho and Rac in dorsal marginal zones expressing
Xconstructs listed at top of panel. The mild reduction of Rac activa-
tion by Dvl-KM-caax was observed in most but not all cases.
(B) Localization of RhoA-GFP in cells of the dorsal marginal zone s
in a control embryo; inset shows Rac-GFP localization in control a
animal-cap cells.
d(C) Xdsh-MA expression does not change the subcellular localiza-
stion of RhoA-GFP or Rac-GFP (inset).
b(D) Activation of Rho and Rac in ventral marginal zones expressing
constructs listed at top of panel. D
s
m
scase it remains possible that such accumulation could
breflect a consequence rather than a cause of cell polar-
sity (e.g., [12]). We have so far not been able to consis-
tently observe polarized accumulation of Dishevelled at
Wthe membrane in vertebrate cells prior to overt morpho-
ological polarization (J.B.W., unpublished data).
lEvidence for localized-membrane accumulation can
tbe gleaned from the findings that both gain- and loss-
of-function manipulations of Dishevelled signaling result
in disruption of mediolateral cell polarity and con- C
Wvergent extension [4, 9, 30]. This result can be ex-
plained if endogenous Dishevelled is normally polarized s
cat the cell membrane and the additional exogenous Di-
shevelled distributes along the cell membrane evenly, X
tabolishing such polarity. On the other hand, this resultould also be explained if stringent regulation of abso-
ute levels of PCP signaling in cells—regardless of lo-
alization—were essential to proper convergent ex-
ension.
We reason that if absolute levels of signal in the cell
ere critical, then nontargeted Dishevelled or mem-
rane-targeted Dishevelled would elicit equivalent, gain-
f-function phenotypes at a given dose. In contrast, if
olarized localization at the membrane were important,
hen the membrane-targeted Dishevelled would elicit a
ore severe phenotype than nontargeted Dishevelled
t a given dose.
We observed that at equivalent doses, Dvl-KM-caax
licited significantly more-severe defects than did wild-
ype Dvl-1 (Figures 4A–4D). We observed the identical
esult with Dvl-caax (data not shown). To confirm that
he membrane-targeted Dvl constructs elicited gain-of-
unction and not loss-of-function, we expressed a low
ose with or without coexpressed wild-type Xdsh.
oexpression of wild-type Xdsh did not rescue but in-
tead dramatically enhanced the convergent-extension
efects of membrane-targeted Dvl (Figure 4E). These
ata are consistent with the idea that proper localiza-
ion, rather than the absolute level, of PCP signaling is
ssential for normal convergent extension.
oth Membrane-Targeted or Constitutively-
ytoplasmic Dishevelled Can Potently
ctivate Canonical Wnt Signaling
inally, we used secondary axis induction assays to
est the ability of mitochondrial-anchored and mem-
rane-targeted Dishevelled to activate canonical Wnt
ignaling. First, we tested the activity of these con-
tructs in secondary axis induction assays. Intriguingly,
ll mitochondrial-anchored (Xdsh-MA or Dvl-MA) and
embrane-anchored (Dvl-caax or Dvl-KM-caax) con-
tructs were more potent in their ability to induce a sec-
ndary axis than were equivalent doses of wild-type
dsh or Dvl-1 (Figure 5A and data not shown).
To corroborate these findings, we expressed con-
tructs in Xenopus animal caps and examined their
bility to activate transcription of siamois and Xnr-3,
irect targets of Wnt/β-catenin signaling [31, 32]. Con-
istent with the results of our secondary axis assay,
oth mitochondrial-anchored and membrane-targeted
ishevelled potently induced transcription of Xnr-3 and
iamois (Figure 5C). Thus, at equivalent doses, both
itochondria-anchored and membrane-anchored Di-
hevelled activated canonical Wnt signaling more ro-
ustly than did equivalent amounts of wild-type Di-
hevelled (Figure 5C).
These data demonstrate that activation of canonical
nt signaling is not affected by subcellular positioning
f Dishevelled protein; instead, they argue that it is the
ocal concentration of Dishevelled protein that is impor-
ant for canonical signaling.
onclusion
e have manipulated the subcellular localization of Di-
hevelled (Figures 1 and 2), forcing accumulation at the
ell membrane or in the cytoplasm. Our results with
dsh-MA demonstrate that Dishevelled is required at
he cell membrane for regulation of cell polarity and
Dishevelled Localization and Signaling Activities
1043Figure 4. Constitutive Membrane Localiza-
tion of Dishevelled Enhances Its Gain-of-
Function Disruption of Convergent Ex-
tension
(A) Normal control embryo.
(B) Embryo expressing Dvl-KM-caax and
displaying a mild phenotype.
(C) Embryo expressing Dvl-KM-caax and
displaying a severe phenotype. The pheno-
types (B and C) are independent of effects
on dorsal cell-fate specification, given that
normal expression of Sonic Hedgehog and
the somite marker 12/101 was observed
(data not shown).
(D and E) Frequency of normal, mild, and se-
vere phenotypes (as indicated in panels [A]–
[C]) after injection of indicated mRNAs.cal Sciences to J.B.W.in the local concentration of Dishevelled protein is
Figure 5. Both Membrane-Targeted and Constitutively Cytoplasmic Dishevelled Are Potent Activators of Canonical Wnt Signaling
(A) Injection of 50 pg Xdsh-MA or Dvl-KM-caax is sufficient to induce secondary axes when injected ventrally into 8-cell Xenopus embryos.
Injection of equivalent doses of wild-type Xdsh-GFP or Dvl-1 fails to induce secondary axes. Many of the secondary axes induced by Dvl-
KM-caax or Xdsh-MA were complete, as judged by the presence of a secondary cement gland (B, arrow).
(C) Injection of 50 pg Xdsh-MA or Dvl-KM-caax in animal caps is sufficient to activate transcription of the direct Wnt target genes Xnr-3 and
siamois. Injection of equivalent doses of wild-type Xdsh-GFP or Dvl-1 fails to activate transcription of these genes.cell-shape changes during convergent extension. It is
likely that in addition to removing Dishevelled from the
cell membrane, Xdsh-MA also sequesters Dishevelled
binding proteins to the cytoplasm, and this may con-
tribute to the observed defects in convergent exten-
sion. Nonetheless, Xdsh-MA does not affect the local-
ization of Rho or Rac (Figure 3). It is therefore of interest
that membrane localization of Dishevelled is essential
for Rho and Rac activation (Figure 3; Figure S1). Indeed,
our data demonstrate an as-yet-undefined signaling
property of the DEP domain that is critical for Rac, but
not Rho, activation (Figure 3). Our data with membrane-
targeted Dishevelled support the view that polarized
accumulation of Dishevelled at the cell membrane is
central for convergent extension (Figure 4). Finally, both
membrane-anchored and mitochondrial-anchored Di-
shevelled can activate canonical Wnt signaling with
greater potency than does wild-type Dishevelled (Fig-
ure 5). This last result is consistent with recent findings
that inversin suppresses canonical Wnt signaling by
degrading cytosolic Dishevelled protein, whereas mem-
brane-bound Dishevelled is protected from such degra-
dation [33]. Together, these data argue that an increasecentral to Wnt signaling in vertebrate embryos, a find-
ing that may relate to the often-observed puncta of Di-
shevelled protein in cells where Wnt signaling is active
(e.g., [18]). In sum, our results suggest that although it
is critical for PCP signaling, discrete subcellular local-
ization of Dishevelled is insufficient to account for its
pathway specificity in the canonical versus PCP signal-
ing cascades.
Supplemental Data
Supplemental Experimental Procedures and three figures are avail-
able with this article online at http://www.current-biology.com/cgi/
content/full/15/11/1039/DC1/.
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